Introduction
The multi-GNSS Pilot Project (MGEX) [1] was initiated in 2013 with the major motivation to increase the effort to prepare full integration of new constellations, e.g. Galileo, BeiDou, and QZSS, into the International GNSS Service (IGS) [2] processing routine, which is currently focused on GPS and GLONASS only solutions. Several IGS Analysis Centers (AC) prepare separately combined multi-GNSS solutions consisting of homogeneous and aggregated processing of all systems, i.e., GPS, GLONASS, Galileo, BeiDou, and QZSS. Processing of GNSS data for all mentioned navigational systems is complicated due to several satellite structural aspects, such as differences in signals and frequencies of transmitted data, shape, dimensions, and surface properties of satellites' bus and solar panels, and used technologies, for example, different attitude modes. On the other hand, the multi-GNSS orbit products are used by civil users, who expect intuitive and real-time information about the quality of multi-GNSS products. Therefore, it is possible to use the Satellite Laser Ranging (SLR) [3] technique as an independent validation tool for the orbit products. The approach of SLR
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System Overview and Description of Processing Flow
The GOVUS system consists of two main components: (1) server-side algorithms, which execute the daily SLR validation process, prepare the dataset of SLR residuals and summary reports; and (2) web-application for visualization and analyses of SLR residuals. The system constitutes, therefore, a complex, autonomous, and fully automated tool. The web-application is a completely self-sufficient tool for conducting analyses, which do not require any additional software or drivers. All analyses can be done using solely the web browser.
The SLR residual is a difference between the distance derived directly from laser ranging and calculated between the fixed station coordinates and the microwave-based position of a satellite. SLR validation at the GNSS altitudes has the largest sensitivity in radial direction [38] , because of the limited scope of possible incidence angles in laser ranging, generally up to 15 • (see Figure 1 ). The SLR validation is only possible when both orbit products and SLR normal points are available.
Processing of data is performed using the modified Bernese GNSS Software 5.2 [39] . Figure 2 shows the processing scheme of microwave orbit validation using SLR dataset in Bernese GNSS Software. Currently, only the CODE orbit products are being validated as a representative example of 5-system orbit products delivered in the framework of MGEX. CODE solutions include satellites of the following systems: GPS, GLONASS-M, GLONASS-K, Galileo IOV, Galileo FOC, BeiDou-2 MEO, BeiDou-2 IGSO and QZSS. Besides CODE, there are five other ACs which deliver multi-GNSS orbit products in the framework of MGEX: Centre National d'Études Spatiales (CNES/CLS) [4] , Helmholtz Centre Potsdam German Research Centre for Geosciences (GFZ) [5] , Technische Universität München (TUM), Wuhan University (WU) [40] and Japan Aerospace Exploration Agency (JAXA) [41] . Products from all ACs can be included in the GOVUS service, which is one of the major plans for the future development.
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System Overview and Description of Processing Flow
The SLR residual is a difference between the distance derived directly from laser ranging and calculated between the fixed station coordinates and the microwave-based position of a satellite. SLR validation at the GNSS altitudes has the largest sensitivity in radial direction [38] , because of the limited scope of possible incidence angles in laser ranging, generally up to 15° (see Figure 1 ). The SLR validation is only possible when both orbit products and SLR normal points are available.
Processing of data is performed using the modified Bernese GNSS Software 5.2 [39] . Figure 2 shows the processing scheme of microwave orbit validation using SLR dataset in Bernese GNSS Software. Currently, only the CODE orbit products are being validated as a representative example of 5-system orbit products delivered in the framework of MGEX. CODE solutions include satellites of the following systems: GPS, GLONASS-M, GLONASS-K, Galileo IOV, Galileo FOC, BeiDou-2 MEO, BeiDou-2 IGSO and QZSS. Besides CODE, there are five other ACs which deliver multi-GNSS orbit products in the framework of MGEX: Centre National d'Études Spatiales (CNES/CLS) [4] , Helmholtz Centre Potsdam German Research Centre for Geosciences (GFZ) [5] , Technische Universität München (TUM), Wuhan University (WU) [40] and Japan Aerospace Exploration Agency (JAXA) [41] . Products from all ACs can be included in the GOVUS service, which is one of the major plans for the future development. The dataset necessary for validation consists of: (1) dataset of SLR normal points (delivered by CDDIS [42] ); (2) microwave-based discrete satellite positions (EPH files with orbit ephemerides); and (3) GNSS-derived Earth Rotation Parameters (ERP file). First, the files of Normal Points are converted into separated RINEX files including normal points and meteorological data in turn. In parallel, the continuous 1-day orbits are fitted to the discrete satellite positions from the EPH file. The arc-fit strategy is consistent with the official CODE's MGEX solution processing [5] in an aim to correctly restore the orbit. Minor differences in orbit modeling are absorbed by estimating stochastic pulses in three orbital directions. The summary of observation modeling and the strategy of parameters estimation is included in Table 1 .
The dataset is processed in such a manner to receive SLR residuals with no additional parameter estimation, i.e., with fixing station coordinates, to the ILRS realization of ITRF2014, i.e., SLRF2014, and fixing both orbits and ERP to CODE values. The range measurements are corrected by tidal station displacements, troposphere refraction, general relativity and other corrections recommended by the International Earth Rotation and Reference Systems Service (IERS) 2010 Conventions. Finally, the dataset is subject to the initial analysis, which summarizes the aggregated statistics for each station-satellite pair grouped according to the particular day of observation and stored in a summary file.
The output from the validation process consists of a detailed list of SLR residuals together with information about laser station, satellite, residual value and time. Additionally, the angular characteristic of each laser measurement is included, thus we can investigate the residuals in very broad spectrum of geometrical dependencies: (1) two angles as seen from SLR station point of view: azimuth and elevation; (2) two angles as seen from the satellite: azimuth and nadir ( Figure 1a) ; and (3) two angles describing the relative location of the Sun, the satellite, and the Earth in the time of observation: satellite argument of latitude with respect to the argument of the Sun (Δu) and the Sun elevation angle above the orbital plane (β) (see Figure 1b) . The computational schema is hard-wired The dataset necessary for validation consists of: (1) dataset of SLR normal points (delivered by CDDIS [42] ); (2) microwave-based discrete satellite positions (EPH files with orbit ephemerides); and (3) GNSS-derived Earth Rotation Parameters (ERP file). First, the files of Normal Points are converted into separated RINEX files including normal points and meteorological data in turn. In parallel, the continuous 1-day orbits are fitted to the discrete satellite positions from the EPH file. The arc-fit strategy is consistent with the official CODE's MGEX solution processing [5] in an aim to correctly restore the orbit. Minor differences in orbit modeling are absorbed by estimating stochastic pulses in three orbital directions. The summary of observation modeling and the strategy of parameters estimation is included in Table 1 .
The output from the validation process consists of a detailed list of SLR residuals together with information about laser station, satellite, residual value and time. Additionally, the angular characteristic of each laser measurement is included, thus we can investigate the residuals in very broad spectrum of geometrical dependencies: (1) two angles as seen from SLR station point of view: azimuth and elevation; (2) two angles as seen from the satellite: azimuth and nadir ( Figure 1a) ; and (3) two angles describing the relative location of the Sun, the satellite, and the Earth in the time of observation: satellite argument of latitude with respect to the argument of the Sun (∆u) and the Sun elevation angle above the orbital plane (β) (see Figure 1b) . The computational schema is hard-wired Remote Sens. 2017, 9, 1049 6 of 22 for fully automated data reprocessing using BPE [39] . The web-application is prepared for conducting the automated validation process with a daily routine. For this purpose, a time-based job scheduler, based on cron, combined with dedicated UNIX shell and Python scripts, was prepared. The workflow is presented in Figure 2 . The main limitation in delivering near-real time SLR validation products comes from the frequency of the CODE MGEX orbit products being available. CODE MGEX products are being made public with the latency of about two weeks. 
Structure and Functionality
The main tasks of the developed service are to: (1) store archival and current information about the ILRS laser stations and multi-GNSS satellites; (2) store the multi-GNSS microwave orbit validation results using SLR; (3) allow for fast and advanced online analyses on the stored dataset; (4) provide an autonomous computing center; and (5) generate up-to-date dataset and reports. Therefore, the GOVUS system consists of advanced database system, seven main modules of the web-based application and server-side, and time-scheduled computational scripts. The client-side of the application has been developed using Django Framework.
The database system responsible for storing and managing data is the PostgreSQL, which provides a good performance for the query requirements and allows for performing spatial analyses using PostGIS extension. Currently, no spatial analyses are available in GOVUS, but the core database system is prepared for supporting the future extension of the service. Four major tables are publicly available and directly used in data analyses: (1) observations (SLR residuals); (2) laser stations; (3) multi-GNSS satellites; and (4) time-variables for multi-GNSS satellites (see Figure 3 ):
•
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Capabilities of GOVUS with Respect to the Critical Issues of SLR and Multi-GNSS
As GOVUS should serve to the scientific community, it is essential to point out the current issues of both the multi-GNSS orbit determination and the SLR tracking network. Most of the current problems with the homogenous multi-GNSS orbit determination are related to the lack of proper models, which could entirely reduce the effects of most important non-gravitational accelerations such as SRP, antenna thrust and both thermal radiation from the Earth and Earth's albedo, as well as proper modeling of satellite attitudes for non-yaw-steering events [1, 44, 45] . Constant monitoring and independent validations are advised by both the MGEX and IGS authorities to help in the description of satellites' perturbations. Moreover, the existence of the orbit-modeling issues may reflect in dependencies between the orbit quality and the elevation angle of the Sun above the orbital plane, the elongation angle, or the latitude of the satellite with respect to the Sun [1] . However, the impact of those dependencies is still not fully understood and eliminated, so that the nature of the perturbations should be constantly investigated. When using GOVUS, the user can restrict the analysis to the desirable satellite system, group of potentially similar objects (common orbital planes) or to focus on particular satellites. According to the last IGS report [43] , the analyses of the single satellites are a decent action for the future MGEX development (see Table A2 ).
The major issue of SLR tracking is the heterogeneity of stations' efficiency and accuracy. The stations generate a different number of Normal Points (see Table A1 ) and are unevenly distributed across the globe [46] . Therefore, the SLR network struggle with the deficiencies in the geometrical distribution of measurements. Regional satellite systems such as QZSS and partly BeiDou-2 are most affected by this fact.
The station's performance is dependent on the installed equipment as well as overall system integration, compatibility and proper working of each device. Each technical change or unexpected event [47] , which happen at the station, may affect the dataset. GOVUS allows for cross-validation of the log of stations' events and detection of anomalies in the time series of SLR residuals. When performing the SLR validation, the user should be conscious about the station-related issues to not propagate SLR systematic errors to the evaluation of orbit quality. Thanks to the near-real time functionality all discontinuities or degradation of station products' quality may be immediately reported and excluded from analyses.
The near-real time functionality may warn the multi-GNSS community about the unexpected behavior of particular satellites. During the last two years, multi-GNSS users realized that a growing number of GLONASS satellites have some problems (e.g., SVN 737 or 736) [1, 48] (see Figure 4) . The issue may arise from many possible satellite-related reasons, such as attitude sensors, shifted center of mass with respect to satellite reference frame origin, or a change of the antenna offset. The possibilities of upcoming problems with other GLONASS satellites or any other anomalistic behavior of multi-GNSS satellites can be noticed in near-real time thanks to GOVUS. Such functionality is especially important for users of multi-GNSS post-processed products. This knowledge allows for excluding from their processes those satellites, whose orbit quality exceeds the desired accuracy threshold. The constellation of multi-GNSS is still in constant development. New GNSS satellites complement the deficiencies in constellations or exchange the outdated buses every couple of months. New satellites represent often the new type or block, which may differ from other satellites in shape, size, mass or power of signal transmission. The internal satellite diversity within a satellite system is sufficiently large to impose a problem for regular users of multi-GNSS. GOVUS enables the users to evaluate the orbit quality in the context of both integrity of satellite bus and correctness of used orbit models (e.g., SRP, albedo).
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Tools for Identification of GNSS Satellites in GOVUS
Currently, there is no standardized and official numbering system for the satellites. Depending on the scientific community or the satellite system characteristics, other numbering systems are preferred. Those mostly used include SVN, PRN, COSPAR designation, and NORAD/Satellite Catalog. In the case of the GOVUS system, SVN numbers are preferred, however, being aware of the problem of the diversity of the common nomenclature, helpful tools have been developed:  PRN2SVN allows for checking which satellites (SVN) were related with the particular broadcast channel (PRN) in the selected range of time.  SVN2PRN informs to which channel (PRN) from the satellite system a particular satellite (SVN) was assigned.  CONSTELLATION shows the complete list of the satellites (SVN) which constituted the constellation of the particular satellite system in the specified date.
GOVUS SQL Explorer
Despite a very wide range of analyses that may be performed, the web-application does not provide answers to all possible questions that a user could ask; therefore, the GOVUS SQL Explorer was created. This additional module works independently to the service and allows users to run raw SQL queries on the GOVUS database ( Figure 3 ). For safety reasons, the module availability is restricted to authorized users, however, anyone can ask for a private account. The user can run any SQL query in read-only mode.
SQL Explorer aims to make the flow of data between users easy, while creating some kind of community at the same time. Users can write and share SQL queries, preview the results in the browser or download the query's results in editable *.CSV file. Every single module usage is registered; moreover, executed queries are assigned to the user. Thus, expectations raised by the users are monitored and affect the future service's improvements.
Results
This section summarizes the results of the SLR validation of MGEX CODE's orbit for the period January 2016-August 2017 performed using GOVUS. The results for the period January 2016-June 2016 were confronted with the latest articles on multi-GNSS orbit quality [1] . We show changes of validation results after the switch of the reference frame from SLRF2008 to SLRF2014. Moreover, results for period January 2016-August 2017 were presented for the particular types of satellites GLONASS M, K1, M+, Galileo FOC, IOV, BeiDou IGSO, MEO and QZSS. Galileo FOC satellites, which were launched in 2014 into extended, highly eccentric orbits (marked as FOC*), have been separated from the other FOC satellites. We also indicate different approaches to the selection of laser stations in the validation process. This section highlights the actual place for GOVUS within 
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Results
This section summarizes the results of the SLR validation of MGEX CODE's orbit for the period January 2016-August 2017 performed using GOVUS. The results for the period January 2016-June 2016 were confronted with the latest articles on multi-GNSS orbit quality [1] . We show changes of validation results after the switch of the reference frame from SLRF2008 to SLRF2014. Moreover, results for period January 2016-August 2017 were presented for the particular types of satellites GLONASS M, K1, M+, Galileo FOC, IOV, BeiDou IGSO, MEO and QZSS. Galileo FOC satellites, which were launched in 2014 into extended, highly eccentric orbits (marked as FOC*), have been separated from the other FOC satellites. We also indicate different approaches to the selection of laser stations in the validation process. This section highlights the actual place for GOVUS within MGEX activities in the context of orbit validation and proposes the directions for future developments.
Assessment of the Orbit Quality
Orbit quality assessment based on the results coming from the SLR validation is the most obvious and popular application of the SLR observations to the GNSS constellation. The results of such kind of analyses are systematically published in reference to the different orbit models [1, [24] [25] [26] [27] [28] [49] [50] [51] [52] [53] [54] [55] [56] [57] . The major innovation introduced by the GOVUS system is the near-real time of calculations and a remarkable ease of repeatability of performed analyses for every user. Consequently, the user can perform analyses on the daily updated dataset, without any processing efforts.
The latest, complex SLR validation results were published in [1] for the period 1 January-30 June 2016. In June 2017, the ILRS instructed all ACs to change the reference frame of the laser station coordinates in their processing routines from the SLRF2008 to the new release of SLRF2014. We reprocessed all the results using a new processing routine with SLRF2014. Therefore, we can compare the SLR validation results delivered by [1] and GOVUS in the corresponding period and evaluate the impact of the change. Table 2 provides a comparison between the mean offsets and standard deviations provided in [1] and delivered by GOVUS. Initially, we exclude gross outliers, which exceed 1000 mm for BeiDou IGSO and QZSS, 500 mm for BeiDou MEO and 250 mm for other types of satellites. The results delivered by MGEX and GOVUS are comparative. The main difference is visible for GLONASS satellites. The core statistics for MGEX and GOVUS equal 5 ± 50 and −12 ± 36 mm, respectively. After the change of the reference frame, the standard deviation of validation results improved for each satellite system: 50 to 36, 45 to 38, 43 to 34, 65 to 52, 145 to 132 and 260 to 248 mm, for GLONASS, Galileo IOV, FOC, BeiDou MEO, IGSO and QZSS, respectively. Table 3 provides validation results for the extended period 1 January 2016-31 July 2017, taking into account various sets of SLR stations: (1) stations equipped with different detectors [58] (CSPAD, MCP, and PMT); (2) TOP10 stations; and (3) all available stations. Initially, we exclude gross outliers, which exceed 500 mm for all SLR residuals. As TOP10 we chose stations, which deliver more than 1000 normal points of stable observations, i.e., with no discontinuities in the time series in the analyzed period and did not indicate any dependencies between SLR residuals and the observational frame with respect to the azimuth and elevation angle. Table 3 indicates the heterogeneity of SLR measurements to the multi-GNSS satellites, i.e., the dependency on the chosen dataset of laser stations. Mean offsets for FOC, FOC*, IOV, K1, M satellites are smaller for single-photon stations equipped with CSPAD detectors in comparison to multi-photon stations equipped with MCP or PMT detectors. For instance, the mean offset equals −36 ± 41, −43 ± 36, and −44 ± 39 for Galileo FOC and −3 ± 27, −20 ± 20, and −6 ± 31 for GLONASS-K1, for CSPAD, MCP, and PMT detectors, respectively.
The MCP and the PMT stations are more vulnerable to satellite signature effect [33, 50, 54] , hence the dependency on the incident angle should be larger and negative (see Figure 5 ). The histograms of SLR residuals to GNSS for selected MCP and PMT stations are asymmetrical (see Figure 6 ). The histograms are broader on the left side creating some form of a tail, which may confirm that MCP and PMT detectors are affected by the satellite signature effect. The multi-photon detectors are not able to register full range of returning photons. For high incidence angles, many of registered photons return after the reflection from the nearest edge of the flat LRA. The core statistics for TOP10 stations are very similar to the dataset containing all stations, however, the standard deviation decreases, especially for GLONASS satellites: 26 to 21, 36 to 26 and 28 to 24 mm, for K1, M and M+, respectively. Some of the most efficient Russian laser stations such as 1868 Komsomolsk, 1887 Baikonur, or 1886 Arkhyz indicate inexplicable range bias or a high value of the standard deviation. The laser stations in Shanghai 7821 and Changchun 7827 show a dependency between the values of SLR residuals and the elevation angle of performed observation (see Table A1 ). Such biases and dependencies may affect the validation results as in the case of abovementioned comparison. Further statistics related to the particular stations are attached in the Table A1 where three types of characteristics are shown: (1) general statistics including the mean, median and standard deviation of the SLR residuals, as well as the number of observations; (2) dependency between SLR residuals and the nadir angle; and (3) Table 3 indicates the heterogeneity of SLR measurements to the multi-GNSS satellites, i.e., the dependency on the chosen dataset of laser stations. Mean offsets for FOC, FOC*, IOV, K1, M satellites are smaller for single-photon stations equipped with CSPAD detectors in comparison to multi-photon stations equipped with MCP or PMT detectors. For instance, the mean offset equals −36 ± 41, −43 ± 36, and −44 ± 39 for Galileo FOC and −3 ± 27, −20 ± 20, and −6 ± 31 for GLONASS-K1, for CSPAD, MCP, and PMT detectors, respectively.
The MCP and the PMT stations are more vulnerable to satellite signature effect [33, 50, 54] , hence the dependency on the incident angle should be larger and negative (see Figure 5 ). The histograms of SLR residuals to GNSS for selected MCP and PMT stations are asymmetrical (see Figure 6 ). The histograms are broader on the left side creating some form of a tail, which may confirm that MCP and PMT detectors are affected by the satellite signature effect. The multi-photon detectors are not able to register full range of returning photons. For high incidence angles, many of registered photons return after the reflection from the nearest edge of the flat LRA. The core statistics for TOP10 stations are very similar to the dataset containing all stations, however, the standard deviation decreases, especially for GLONASS satellites: 26 to 21, 36 to 26 and 28 to 24 mm, for K1, M and M+, respectively. Some of the most efficient Russian laser stations such as 1868 Komsomolsk, 1887 Baikonur, or 1886 Arkhyz indicate inexplicable range bias or a high value of the standard deviation. The laser stations in Shanghai 7821 and Changchun 7827 show a dependency between the values of SLR residuals and the elevation angle of performed observation (see Table A1 ). Such biases and dependencies may affect the validation results as in the case of abovementioned comparison. Further statistics related to the particular stations are attached in the Appendix as Table A1 where three types of characteristics are shown: (1) general statistics including the mean, median and standard deviation of the SLR residuals, as well as the number of observations; (2) dependency between SLR residuals and the nadir angle; and (3) dependency between SLR residuals and the elevation angle. Statistics for different types of satellites differ even within the same satellite system (see Table 3 , TOP10). The mean offset for Galileo FOC satellites, which equals −37 mm is smaller than the offset for Galileo IOV satellites, which equals −43 mm. Moreover, the offset for Galileo FOC satellites, which were launched into extended highly eccentric orbits (SVN 201 and 202), is smaller than for the other Galileo FOC satellites. The mean offset for GLONASS-K1 equals −13 ± 21 and is smaller than for GLONASS-M satellites, for which the offset is −18 ± 36 mm. The offset for GLONASS-M+ equals 13 ± 28 mm and clearly diverges from the other GLONASS satellites. The GLONASS M+ is the only GLONASS satellite with the regular mean positive offset of SLR residuals (see Table 3 and Table A2 ).
The dependency between SLR residuals to multi-GNSS and the local time of observations can also be analyzed in the GOVUS service (see Figure 7) . Only some of SLR stations are able to track GNSS satellites in the daylight. The local time of measurements has an impact on the values of residuals and the number of observations collected by SLR stations. The station Graz (7839), operating in the low-energy regime, delivers more observations at night. In contrary, there is no difference in the number of observations performed during the daytime and at night in Yarragadee (7090), however the mean SLR residuals for observations collected at night are nearly twice as large as in the daytime. Statistics for different types of satellites differ even within the same satellite system (see Table 3 , TOP10). The mean offset for Galileo FOC satellites, which equals −37 mm is smaller than the offset for Galileo IOV satellites, which equals −43 mm. Moreover, the offset for Galileo FOC satellites, which were launched into extended highly eccentric orbits (SVN 201 and 202), is smaller than for the other Galileo FOC satellites. The mean offset for GLONASS-K1 equals −13 ± 21 and is smaller than for GLONASS-M satellites, for which the offset is −18 ± 36 mm. The offset for GLONASS-M+ equals 13 ± 28 mm and clearly diverges from the other GLONASS satellites. The GLONASS M+ is the only GLONASS satellite with the regular mean positive offset of SLR residuals (see Table 3 and Table A2 ).
The dependency between SLR residuals to multi-GNSS and the local time of observations can also be analyzed in the GOVUS service (see Figure 7) . Only some of SLR stations are able to track GNSS satellites in the daylight. The local time of measurements has an impact on the values of residuals and the number of observations collected by SLR stations. The station Graz (7839), operating in the low-energy regime, delivers more observations at night. In contrary, there is no difference in the number of observations performed during the daytime and at night in Yarragadee (7090), however the mean SLR residuals for observations collected at night are nearly twice as large as in the daytime. The quality and quantity of SLR observations made by various stations are unquestionably different. Observations collected by particular stations equipped with different detector types should be individually analyzed. The problem of individual station behavior should lead to attempts of modeling the systematic biases and residual dependencies as an aim to improve both the overall SLR dataset as well as the overall geometry of observations, which is one of the main issues of the past, current, and future SLR network. Only a certain proportion of the current dataset of SLR residuals to GNSS satellites seems to be clearly unbiased and provides clear information about the orbit quality. Lack of knowledge and consciousness about the particular stations' performance and the dependency arising from, e.g., the type of the detector, may lead to misjudgment of the whole orbit quality or single satellite behavior as the range biases can achieve values of several centimeters.
Since 6 August 2017, CODE orbits include the antenna thrust and albedo models for Galileo and QZSS satellites, in addition to previously included GPS and GLONASS models. The first visible differences in SLR residuals caused by this change are presented in Table 4 . The month preceding the change was compared with the month following the change. Despite a limited time span, the improvement is clearly visible (see Figure 8) . The mean offset decreased mostly for all Galileo satellites. The offsets have changed from −38 to 0, from −44 to −1, and from −57 to −8 mm, whereas standard deviations are changed from 40 to 20, from 18 to 23, and from 30 to 21 mm for Galileo FOC, FOC* and IOV, respectively (see Figure 8) . The improvement of the core statistics for GLONASS-M and K1 is smaller than for Galileo satellites but also noticeable (see Table 4 ). The increase of the standard deviation for GLONASS-K1 is caused by the individual problems of the satellite at the end of August 2017. Some anomalous positive biases of +30 mm are also visible for GLONASS-M+. The quality and quantity of SLR observations made by various stations are unquestionably different. Observations collected by particular stations equipped with different detector types should be individually analyzed. The problem of individual station behavior should lead to attempts of modeling the systematic biases and residual dependencies as an aim to improve both the overall SLR dataset as well as the overall geometry of observations, which is one of the main issues of the past, current, and future SLR network. Only a certain proportion of the current dataset of SLR residuals to GNSS satellites seems to be clearly unbiased and provides clear information about the orbit quality. Lack of knowledge and consciousness about the particular stations' performance and the dependency arising from, e.g., the type of the detector, may lead to misjudgment of the whole orbit quality or single satellite behavior as the range biases can achieve values of several centimeters.
Since 6 August 2017, CODE orbits include the antenna thrust and albedo models for Galileo and QZSS satellites, in addition to previously included GPS and GLONASS models. The first visible differences in SLR residuals caused by this change are presented in Table 4 . The month preceding the change was compared with the month following the change. Despite a limited time span, the improvement is clearly visible (see Figure 8) . The mean offset decreased mostly for all Galileo satellites. The offsets have changed from −38 to 0, from −44 to −1, and from −57 to −8 mm, whereas standard deviations are changed from 40 to 20, from 18 to 23, and from 30 to 21 mm for Galileo FOC, FOC* and IOV, respectively (see Figure 8) . The improvement of the core statistics for GLONASS-M and K1 is smaller than for Galileo satellites but also noticeable (see Table 4 ). The increase of the standard deviation for GLONASS-K1 is caused by the individual problems of the satellite at the end of August 2017. Some anomalous positive biases of +30 mm are also visible for GLONASS-M+. 
Discussion on Possible Directions of the System Development for the Future
The benefits from SLR tracking of the multi-GNSS constellation are constantly being confirmed: improvement of the laser station coordinate determination [59] , contribution to GGOS activities [60] , improvement of the quality of multi-GNSS satellites, as well as clock synchronization and confirmation of relativistic effects acting on Galileo satellites in eccentric orbits [61] . However, a limited number of ACs routinely process SLR observations to GNSS in their operational products. Currently, GOVUS delivers ready-to-use online tools and the up-to-date dataset of SLR residuals. The major advantage of the system is a favorable ratio of time, which is needed to perform a plethora of multi-GNSS orbit analyses. We are open to ideas of new tools that might potentially be developed into the service. The computational schemes of the GOVUS system are currently focused on precise orbit products delivered by CODE in the frame of the MGEX project; however, other orbit solutions can be included into the validation process, including new satellite types and results provided by MGEX ACs.
Nowadays, we observe the gradual improvement of MGEX orbit solutions. In the upcoming years, MGEX contributors will probably eliminate critical issues of precise orbit determination such as dependencies in a Sun-Earth-satellite frame or improvement of common multi-GNSS models, e.g., SRP. Finally, a full integration of multi-GNSS will come to the official IGS processing routine. Public users will be increasingly interested in using multi-GNSS products. The GOVUS service may become a great tool for MGEX contributors (especially ACs) as well as for laser stations. The next efforts on the development of GOVUS will be focused on providing necessary real-time functionality for users of multi-GNSS data and products. We plan to implement spatial tools, which could inform the user about the quality of satellite orbits, which are visible in a specific period from a specific place on the Earth. The GOVUS should also monitor the exact spatial coverage of SLR measurements to the GNSS satellites.
Conclusions
The fully operational on-line service called GOVUS has been delivered to allow for analyzing and visualizing results of SLR validation of microwave-based multi-GNSS orbits. The GOVUS system not only fulfills a function of a web tool, but also acts as the advanced computational center, which generates unique operational products, delivered every day to the end-user. GOVUS provides information on multi-GNSS orbit quality, changes of parameters in the GNSS constellations, characteristics of SLR ground segment, as well as on quality and quantity of SLR observations to multi-GNSS constellations. The service contributes to the development of multi-GNSS in the frame of the IGS MGEX project. This paper describes and demonstrates examples of the analyses that can be generated using the service. The comparison with the latest literature [32] has confirmed the reliability of the results. The results for the particular types of satellites in the period January 2016-August 2017 equal: −13 ± 21, −18 ± 26 and 14 ± 24 mm, for GLONASS K1, M and M+, respectively; −43 ± 36, −37 ± 37, −29 ± 29 mm, for Galileo IOV, FOC and FOC*, respectively; 
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The fully operational on-line service called GOVUS has been delivered to allow for analyzing and visualizing results of SLR validation of microwave-based multi-GNSS orbits. The GOVUS system not only fulfills a function of a web tool, but also acts as the advanced computational center, which generates unique operational products, delivered every day to the end-user. GOVUS provides information on multi-GNSS orbit quality, changes of parameters in the GNSS constellations, characteristics of SLR ground segment, as well as on quality and quantity of SLR observations to multi-GNSS constellations. The service contributes to the development of multi-GNSS in the frame of the IGS MGEX project. This paper describes and demonstrates examples of the analyses that can be generated using the service. The comparison with the latest literature [32] has confirmed the reliability of the results. The results for the particular types of satellites in the period January 2016-August 2017 equal: −13 ± 21, −18 ± 26 and 14 ± 24 mm, for GLONASS K1, M and M+, respectively; −43 ± 36, −37 ± 37, −29 ± 29 mm, for Galileo IOV, FOC and FOC*, respectively; −8 ± 72 and −8 ± 61 mm, for BeiDou IGSO and MEO, respectively; and −107 ± 110 mm for QZS-1. The offset for all Galileo satellites decreased after the implementation of antenna thrust and albedo models to −8 ± 21, 0 ± 20, and −1 ± 23 mm, for Galileo IOV, FOC and FOC*, respectively.
All of the examples presented in this paper are easily reproducible by any user. It highlights the usefulness of the service and the potential given to the scientific progress in the development and improvement of the multi-GNSS products and applications. As of today, the MGEX products do not contain information about the quality of the orbit products; therefore, GOVUS aims at filling this gap. As presented in Section 3, there are differences in orbit quality between each system of the multi-GNSS constellation, or even the particular types of the satellite are significant, hence the access to near real-time results of SLR validation of these products is beneficial for the multi-GNSS community. It may be very useful for all multi-GNSS users to employ this easily accessible database, which includes information about the multi-GNSS satellite parameters, such as the orbital plane, antenna and laser retroreflector offsets, slot in the orbital plane, type and generation, as well as historical changes of the assignation of satellite to PRN numbers and channels for different GNSS spacecraft (see Table A3 ). On the other hand, the GOVUS system serves as the quality control system for the laser stations and the ILRS authorities, which are informed about the derogation from the expected efficiency and accuracy of the measurements.
Supplementary Materials: The final product is operating in a fully operational stage, all over the world, without any restrictions for desktop and mobile users. The link to GOVUS service is available at [62, 63] . A complete list of the libraries and the terms of its licenses are attached in "About" subpage of the GOVUS web-application [63] .
Appendix A Table A1 . Statistics for SLR stations, including characteristics of SLR residual as a function of the nadir angle and the elevation angle, data covers the period August 2015-July 2017, including SLR residuals to GLONASS-M satellites with uncoated LRA. Abbreviations used: NR, identification number of laser station; MMR, maximum repetition rate (Hz); PW, pulse width (ps); WL, wavelength (nm); ME, maximum energy (mJ); AVG, average (mm); STD, standard deviation (mm); Slope E, regression slope of SLR residuals as a function of elevation angle (mm/ • ) ; Zenith, bias in zenith (mm); Slope N, regression slope of SLR residuals as a function of nadir angle (mm/ • ); Nadir, bias in nadir (mm); Obs. No., number of observations. 
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